We demonstrate quantitative magnetic field mapping with nanoscale resolution, by applying a lock-in technique on the electron spin resonance frequency of a single nitrogen-vacancy defect placed at the apex of an atomic force microscope tip. In addition, we report an all-optical magnetic imaging technique which is sensitive to large off-axis magnetic fields, thus extending the operation range of diamond-based magnetometry. Both techniques are illustrated by using a magnetic hard disk as a test sample. Owing to the non-perturbing and quantitative nature of the magnetic probe, this work should open up numerous perspectives in nanomagnetism and spintronics.
The ability to map magnetic field distributions with high sensitivity and nanoscale resolution is of crucial importance for fundamental studies ranging from material science to biology, as well as for the development of new applications in spintronics and quantum technology [1] [2] [3] . In that context, an ideal scanning probe magnetometer should provide quantitative magnetic field mapping at the nanoscale under ambient conditions. In addition, the magnetic sensor should not introduce a significant magnetic perturbation of the probed sample.
Over the last decades, different roads have been taken towards ultra-sensitive detection of magnetic fields including superconducting quantum interference devices (SQUIDs) [1] , semiconductor-based Hall probes [1] and optical magnetometers [2] . Even though extremely high sensitivity has been achieved with these devices, their spatial resolution remains limited at the micron-scale. Prominent approaches to reach nanoscale resolution are scanning-tunneling microscopy [4] , mechanical detection of magnetic resonance [5] , nanoSQUIDs [6] , X-ray microscopy [7] and magnetic force microscopy (MFM) [8] . Since the latter technique operates under ambient conditions without any specific sample preparation, it is now routinely used for mapping magnetic field gradients around magnetic nanostructures. However, besides introducing an inevitable perturbation of the studied magnetic sample owing to the intrinsic magnetic nature of the probe [7] , MFM does not provide quantitative information about the magnetic field distribution.
Here we follow a recently proposed approach to magnetic sensing based on optically detected electron spin resonance (ESR) [10] . It was shown that this method applied to a single nitrogen-vacancy (NV) defect in diamond could provide an unprecedented combination of spatial resolution and magnetic sensitivity under ambient conditions [6, 11, 12, 14] . The principle of the measurement * Electronic address: vjacques@lpqm.ens-cachan.fr is similar to the one used in optical magnetometers based on the precession of spin-polarized atomic gases [2] . The applied magnetic field is evaluated by measuring the Zeeman shifts of the NV defect spin sublevels. In this article we demonstrate quantitative magnetic field mapping with nanoscale resolution, by applying a lock-in technique on the ESR frequency of a single NV defect placed at the apex of an atomic force microscope (AFM) tip. In addition, we report an all-optical magnetic imaging technique which is sensitive to large off-axis magnetic fields, and relies on magnetic-field-dependent photoluminescence (PL) of the NV defect sensor, induced by spin level mixing.
As depicted in Fig. 1(a) , the scanning probe magnetometer combines an optical confocal microscope placed on top of a customized tuning-fork-based AFM (Attocube Systems), all operating under ambient conditions. The atomic-sized magnetic sensor was first engineered by grafting a diamond nanocrystal hosting a single NV defect at the end of the AFM tip [3, 4, 15] . After functionalization, a PL raster scan of the AFM tip shows an isolated spot at its apex ( Fig. 1(b) ), which corresponds to the collected light emitted by a single NV defect, as verified using photon correlation measurements ( Fig. 1(c) ).
The magnetic response of the probe was first characterized by sweeping the frequency of a driving microwave (MW) field through the spin resonance while recording the NV defect PL. Owing to spin dependent PL, ESR appears as a drop of the PL signal ( Fig. 1(d) ) [18] . The spin Hamiltonian of the NV defect reads as [6] 
where h is the Planck constant, D and E are the zerofield splitting parameters, z is the NV defect quantization axis, γ e the electron gyromagnetic ratio, and B the local magnetic field applied to the NV defect electron spin S = 1. For magnetic fields smaller than roughly 10 mT, i.e. such that γ e B hD, the quantization axis is fixed by the NV defect axis itself and the ESR frequencies are given by ν R = D ± (γ e B z /2π) 2 + E 2 , where B z is the magnetic field amplitude along the NV axis. The spin (τ ) recorded from the bright emission spot using a Hanbury Brown and Twiss interferometer. A strong anticorrelation effect, g (2) (0) ≈ 0.1, is observed at zero delay. More than 1 × 10 5 photons per second can be detected from the single NV defect when excited at saturation, with a signal-to-background ratio greater than 10. (d)-Optically detected ESR spectra recorded for different magnetic field magnitudes. For these experiments, the ESR contrast is C ≈ 12%, the linewidth ∆ESR ≈ 9 MHz, and the average rate of detected photons R ≈ 6 × 10 4 cnt/s, with an optical pumping power Popt = 300 µW. The zero-field splitting parameters are D = 2.87 GHz and E = 5 MHz.
orientation of the magnetic sensor was determined by recording ESR frequencies as a function of the orientation and the magnitude of a calibrated magnetic field [15] .
The shot-noise-limited sensitivity to d.c. magnetic field η B is linked to the minimum detectable magnetic field along the NV axis B min z during an acquisition time ∆t through the relation [19] 
where R is the rate of detected photons, C the ESR contrast and ∆ ESR the associated linewidth (FWHM). From the optically detected ESR spectra shown in Fig. 1(d) , we infer η B ≈ 10 µT/ √ Hz. We note that this sensitivity could be significantly enhanced by using pulsed-ESR techniques [14, 19] or by engineering a single NV defect in an ultra-pure diamond nanostructure [20] .
The performances of the NV scanning probe magnetometer were characterized by mapping the magnetic field distribution created by a commercial magnetic hard disk. The magnetic bit geometry of this simple test sample is depicted in Fig. 2(a) . As a first experiment, the magnetic sensor was approached at roughly 250 nm from the sample surface. At such a distance, the random orientation of the magnetic bits provides non-trivial magnetic field patterns with a typical magnetic field magnitude in the mT range [15] . The simplest way to map such a magnetic field distribution is borrowed from magnetic resonance imaging [6] . A MW field was applied with a fixed frequency corresponding to the zero-field ESR frequency. Iso-magnetic field images were then recorded by monitoring the NV defect PL while scanning the hard disk [6] . Dark areas corresponding to zero magnetic field lines can be observed ( Fig. 2(b) ). However, the image exhibits a varying contrast related to inhomogeneous background luminescence from the sample. This limitation can be overcome by measuring the difference of PL for two fixed MW frequencies applied consecutively at each point of the scan ( Fig. 2(c) ). In this dual iso-magnetic field image, the contrast is significantly improved since background luminescence from the sample is suppressed.
Even with two iso-magnetic field lines recorded at once, the information remains incomplete. To determine the full magnetic field distribution, an ESR spectrum could be measured for each pixel of the scan. However, since a few seconds are required to record such a spectrum with a reasonable signal-to-noise ratio, this method would be extremely slow. To circumvent this limitation, a lock-in method was developed in order to track the shift of the ESR frequency while scanning the magnetic sample [21] . This technique allows us to measure the strength of the magnetic field along the NV axis over the full scanning area with a typical sampling time of 110 ms [15] . As shown in Fig. 2(d) , the complete magnetic field map is in clear agreement with iso-magnetic field experiments. In addition, we note that the recorded pattern can be qualitatively reproduced by numerical simulations, both in shape, size, and magnetic field amplitude [15] . This confirms the reliability of NV-based scanning probe magnetometry for imaging non trivial magnetic field distributions at the nanoscale within a reasonable data acquisition time.
From the pixel-to-pixel noise in Fig. 2(d) , an uncertainty δB ≈ 27 µT is deduced, which corresponds to a sensitivity η exp B ≈ 9 µT/ √ Hz, given the 110 ms sampling time [15] . This value is in good agreement with the shotnoise-limited value calculated using Eq. (2). Regarding spatial resolution, the magnetic field is experienced by 400 nm 400 nm 400 nm the NV defect electron spin wavefunction, resulting in a subnanometric probe volume. Experimentally the spatial resolution is rather limited by the pixel size (13 nm) and the positioning accuracy. The B-map depicted in Fig. 2(d) is thus assumed to closely follow the actual field distribution -within the noise δB -with an overall spatial resolution of a few tens of nm. The line-cut in Fig. 2(d) further illustrates the ability to follow abrupt variations, up to 0.4 mT ( δB) between two adjacent pixels, corresponding to a field gradient of 3 × 10 4 T/m. We emphasize the fact that no other instrument is able to quantitatively map magnetic field distributions with such a resolution.
Yet, many material science studies are interested in the sample magnetization M rather than the stray field B. In this context, the spatial resolution is limited not only by the probe volume but also by its distance to the sample. Here for instance, simulations indicate that the magnetic bits could be resolved by using a probeto-sample distance smaller than 40 nm ( Fig. 3(a) ) [15] . However, the magnetic field amplitude then reaches several tens of mT, including a component B ⊥ orthogonal to the NV defect axis [15] . In such a situation, the quantization axis becomes determined by the local magnetic field rather than the NV defect axis. The eigenstates of the spin Hamiltonian are therefore given by superpositions of the m s = 0 and m s = ±1 spin sublevels, both in the ground and excited states [22] . As a result, optically-induced spin polarization and spin-dependent PL of the NV defect become inefficient, and the contrast of optically detected ESR vanishes. Magnetic field sensing using the previous techniques is thus not accessible in this high off-axis magnetic field regime (> 10 mT). However, it was also shown that the NV defect PL drops by roughly 30% when the magnitude of B ⊥ increases from 0 to approximately 30 mT [22, 23] . This property can be exploited to perform a direct, microwave-free, magnetic field imaging using the single NV defect sensor. plied to maintain the mean probe-to-sample distance to a constant value. Comparison with simulations ( Fig. 3(a) ) suggests that this distance is around 30 nm, limited by the diamond size and its position on the tip as well as by the tip oscillation. The PL image exhibits dark areas with a contrast greater than 20% which reveal the tracks and the bits of the magnetic hard disk. We note that the contrast depends on the field strength, which itself depends on the number of bits that are consecutively parallel. For instance, from the known bit-to-bit spacing of 55 nm, we deduce that the line-cut in Fig. 3(b) corresponds to a sequence 001100, where 0 and 1 denote the two possible bit magnetizations (Fig. 3(b)-(c) ). Each bit inversion gives rise to a stray field that appears dark on the PL image. We thus demonstrate a mode of NVbased magnetic field sensing that does not require the use of microwave and is sensitive to the off-axis magnetic field magnitude.
Summarizing, quantitative nanoscale magnetic field mapping with a sensitivity below 10 µT/ √ Hz was demonstrated using NV-based scanning probe magnetometry. Moreover, we reported a microwave-free magnetic imaging technique that extends the range of application of NV-based magnetometry to large off-axis magnetic fields. Improvement of the sensitivity using pulsed-ESR techniques [19] , together with a better control of the NV-tosample distance, should enable imaging of few-spins systems, which would be of great interest for fundamental studies in nanomagnetism and spintronics. 
I. SUPPLEMENTARY METHODS

A. Experimental setup
The experimental setup combines an atomic force microscope (AFM) and a confocal optical microscope (AFM/CFM, Attocube System) as shown in Fig. 4) . Two sets of piezoelectric actuators and scanners are used for positioning the sample and the AFM tip. The AFM cantilever is an Akiyama-Probe (Nanosensors) corresponding to a quartz tuning fork equipped with a micromachined silicon cantilever. The cantilever ends with a sharp tip whose nominal curvature radius is ≈ 15 nm. A nanodiamond hosting a single nitrogen-vacancy (NV) defect is placed at the end of the tip as explained in the next section.
A continuous laser source operating at 532 nm wavelength (Spectra-Physics Excelsior) is tightly focused at the end of the AFM tip through a ×100 microscope objective with a 0.9-numerical aperture and a 1-mm working distance (Olympus, MPLFLN100X). The photoluminescence (PL) emitted by a single NV defect placed at the apex of the tip is collected by the same objective and spectrally filtered from the remaining pump light using a dichroic beam splitter and a band-pass filter (Semrock, 697/75 BP) . Following standard confocal detection scheme, the collected light is then focused onto a 50-µm diameter pinhole and directed to silicon avalanche photodiodes (Perkin-Elmer, SPCM-AQR-14) operating in the single-photon counting regime. Independently of the AFM scanners, precise positioning of the NV defect at the focus of the confocal microscope is achieved by scanning the laser beam with a fast steering mirror (Newport, FSM-300-02) combined with a pair of telecentric lenses. The focal length is adjusted by using the piezoelectric positioner of the AFM tip.
The unicity of the emitter was checked by using a Hanbury Brown and Twiss (HBT) interferometer consisting of two avalanche photodiodes placed on the output ports of a 50/50 beamsplitter. The HBT detection system is associated with a fast multichannel analyser (Picoquant, TimeHarp 300) for recording the histogram of time delays between two consecutive single-photon detections. After normalization to a Poissonnian statistics, the recorded histogram is equivalent to a measurement of the second-order autocorrelation function g (2) (τ ) [1] . The observation of an anticorrelation effect at zero time delay, g (2) (0) < 0.5, is the signature that a single NV defect is addressed (see Fig. 1(c) of the main text) .
For the electron spin resonance (ESR) measurements, a microwave synthesizer (Rohde & Schwarz, SMR20) is . L stands for lens, F for filter, λ/2 for half-wave plate, P for polarizer, BS for beamsplitter, DBS for dichroic beamsplitter, M for mirror, FSM for fast steering mirror, PH for pinhole and APD for silicon avalanche photodiode. F1 (resp. F2) is a 10 nm (resp. 75nm) width interference filter centered at 532 nm (resp. 697 nm).
followed by a power amplifier (Mini-Circuits, ZHL-42) and connected to a 20-µm-diameter copper wire directly spanned on the sample surface. Scanning probe magnetometry is performed by monitoring the spin-dependent NV defect PL while scanning the magnetic sample. The tip-to-sample distance is adjusted using the piezoelectric scanner of the sample. For tapping mode operation, usual tuning-fork based AFM operation is used with a feedback loop adjusting the tip-to-sample distance.
B. Grafting a single NV defect at the end of the AFM tip
We started from commercially available diamond nanocrystals (SYP 0.05, Van Moppes SA, Geneva). Such nanocrystals are produced by milling type-Ib high-pressure high-temperature diamond crystals with a high nitrogen content ([N ] ≈ 200 ppm). The formation of NV defects was carried out using high energy (13.6 MeV) electron irradiation followed by annealing at 800
• C under vacuum during two hours. The electron irradiation creates vacancies in the diamond matrix while the annealing procedure activates the migration of vacancies to intrinsic nitrogen impurities, leading to NV defect bonding. After annealing, the irradiated nanocrystals were oxidized in air at 550
• C during two hours. This procedure reduces the size of the nanodiamonds [2] and leads to an efficient charge state conversion of the created NV defects into the negatively-charged state [3] . After sonication and washing with distilled water, aqueous colloidal solutions of dispersed nanodiamonds, with a mean size of 20 nm, were obtained and finally deposited by spin-coating onto a silica coverslip.
A nanodiamond (ND) hosting a single NV defect was grafted at the apex of the AFM tip following the method introduced by Cuche et al. [4, 5] . The tip was first dipped in a solution of poly-L-lysine (EMS, molecular weight 30000-70000 u) for a few minutes. The tip as well as the sample of dispersed nanodiamonds were then mounted in the experimental set-up, and the NDs were optically characterized. Once a ND hosting a single negatively-charged NV defect was found, the sample was scanned with the AFM tip in tapping mode in a small area around the preselected ND. Electrostatic interactions between the polymer and the ND allow reproducible and robust grafting of the nanodiamond at the apex of the AFM tip.
C. Real-time tracking of the ESR frequency
The lock-in method allowing to track the shift of the ESR frequency ν R while scanning the magnetic sample is described in Fig. 5 . Two slightly different microwave frequencies ν + and ν − , defined by ν ± =ν ± ∆ν/2, are applied consecutively and the PL difference D(ν) = S(ν + ) − S(ν − ) is computed ( Fig. 5(a) and (b) ). This signal can be used as an error signal for tracking the ESR frequency [21] . Indeed, ifν = ν R + δ with δ smaller than the ESR linewidth (FWHM), the error signal is at first order proportional to the frequency detuning δ, i.e. to the magnetic field variation (Fig. 5(b) ). Monitoring D(ν) thus enables quantitative magnetic field mapping by continuously tracking the ESR frequency and measuring the frequency detuning from point to point, with a typical sampling time of 100 ms. Reliability of this method is demonstrated by monitoring in real-time the magnetic field created by an AC current passing through a coil with a frequency up to 1 Hz, as shown in Fig. 5(c) .
D. Estimation of the magnetic field sensitivity
Since the magnetic stray field of the investigated hard disk is a priori not known, the measured field map (Fig. 2(c) in the main text) cannot be directly compared to theory. However, the field is assumed to vary slowly with respect to the spatial sampling, i.e. the pixel size, so that high-frequency components are attributed to measurement noise. Therefore, we introduce a pixel-to-pixel noise to estimate the experimental error δB. If {B i,j } is the matrix corresponding to the magnetic field map, with 1 ≤ i ≤ p and 1 ≤ j ≤ q, then δB can be defined as the standard deviation
which takes into account the pixel-to-pixel noise along both axis. For Fig. 2(c) of the main text, for which p = 138 and q = 150, we find δB = 27 µT. Given the acquisition time per pixel ∆t = 110 ms, an experimental field sensitivity η exp B = δB √ ∆t = 9 µT/ √ Hz is obtained. 
E. Determination of the NV defect axis
The NV defect axis, characterized by the unit vectorẑ, can be determined by measuring the ESR spectrum while applying a static magnetic field along several well-chosen directions. Denoting θ and φ the polar and azimuthal angles of the applied magnetic field in the reference frame xyz of the NV defect, the diagonalization of the electron spin Hamiltonian (equation (1) of the main text) yields to the relation [6] 
where ν 1 and ν 2 are the Zeeman-shifted ESR frequencies, ∆ = D cos 2θ + 2E cos 2φ sin 2 θ while D and E are the zero-field splitting parameters of the NV ground-state electron spin. Since E D, one can use the approximation ∆ ≈ D cos 2θ.
For a magnetic field applied along a given directionK, Eq. (4) gives the angle |θ K | betweenẑ andK. Repeating the measurement for two other directions of the magnetic field enables to completely determineẑ. Since the magnetic images presented in the main manuscript are XY maps of the magnetic field component |B z |, it is important to knoŵ z with respect to the reference frame XY Z of the laboratory. The orientation of the NV defect used in Fig. 2 and 3 of the main text was determined following the latter method. Fig. 6(b) shows the evolution of the measured resonance frequencies ν 1 and ν 2 as a function of a static magnetic field produced by two coils in an Helmholtz configuration. This field was first aligned along the X-axis (filled circles) and then along the Y -axis (open circles). From these measurements and Eq. (4), the angles |θ X | = 37 ± 1
• and |θ Y | = 53 ± 1 • were obtained. As |θ X | + |θ Y | = 90
• , one deduces thatẑ lies in the XY plane. The actual orientation of the NV axis in the reference frame XY Z is illustrated in Fig. 6(a) . The other orientation compatible with the set (|θ X |,|θ Y |) was ruled out by a measurement along a third direction. 
II. MODELLING OF THE MAGNETIC FIELD DISTRIBUTION ABOVE THE HARD DISK
The magnetic sample used for the demonstration of magnetic field mapping is a piece of a commercial magnetic hard disk (Maxtor, 20 Gb). The geometry of the magnetic bits is depicted in Fig. 7 . AFM topography of the sample allows to infer the geometrical orientation of the bits since grooves imprinted by the read/write head indicate the direction of the tracks (Fig. 7(a) ). This information is used to determine the NV orientation with respect to the bits orientation.
The hard disk was modeled as an array of uniformly magnetized parallelepipeds (the 'bits'). The dimensions of each 'bit' are 2a = 40 nm, 2b = 400 nm and 2c = 10 nm, along X, Y and Z, respectively, and their magnetization is M = ±M sX depending whether the bit is at '0' or '1' (Fig. 7(b)-(c) ). M s is the average magnetization of the ferromagnetic material. Typical value for the studied hard disk is µ 0 M s = 0.5 T where µ 0 is the permeability of free space. The pitch of the array is 55 nm along X and 450 nm along Y . The magnetic field distribution produced by a single bit (Fig. 7(c) ) can be calculated using magnetostatics theory. Outside the parallelepiped, the three components of the magnetic field read as 
The magnetic fields produced by each bit of the array were then summed up in order to compute the whole field distribution above the hard disk. Since the exact distribution of magnetic bit orientations is unknown, we compute the magnetic field distributions along X, Y and Z directions for a random distribution of magnetic bits (Figure 8(a) ). Figure 8 (b) indicates the magnetic field distribution at 250 nm from the hard disk, once projected along the axis of the NV defect used in the scanning-probe magnetometry experiments. The magnetic field follows rounded non trivial patterns with characteristics size and amplitude similar to the one observed experimentally (Fig. 2(c) of the main text). We note that the magnetic field distribution at another distance or along the Y axis follows a clearly different (Fig. 4(a) ).
